Abstract-Numerical modeling of a wall-stabilized low-current arc discharge in the high pressure argon plasma is performed with account both of a deviation of the electron temperature from the heavy-particle temperature and of a deviation from the ionization equilibrium. Results are presented for a current range from currents of the order of 100 A down to several A, in which a regime of the discharge varies from the one typical for an arc discharge (local thermodynamic equilibrium (LTE) in the hot core, energy supplied to electrons by the electric field is mainly removed by the electron heat conduction) to the one typical for a glow discharge. (The electron temperature is substantially higher than the heavy-particle temperature and does not change much across the column, the ionization exceeds or substantially exceeds the recombination in every point of the column, energy supplied to electrons by the electric field is mainly locally transferred to heavy particles). On the axis of the discharge, the deviations from LTE become appreciable when the current decreases to several tens A. The deviation from the ionization equilibrium comes into play at higher currents than the deviation from the thermal equilibrium. Comparison with available experimental data is given.
I. INTRODUCTION
T HE ASSUMPTION of local thermodynamic equilibrium (LTE) has been widely employed for modeling of highpressure arc discharges. A necessary condition for existence of LTE is that the relaxation lengths (in particular, the ionization length and the length of energy exchange between the electrons and heavy particles) be much smaller than the local length scale of variation of parameters in the arc. In the bulk of highcurrent (hundreds A and higher) arc discharges, the density of the charged particles is high enough and this condition usually holds. In low-current arcs, this condition may be violated. The question arises, at which current values the latter happens and a transition from LTE to nonLTE conditions occurs. Apart from being of theoretical interest, this question is of importance, for example, for modeling of high-pressure arc lamps, which operate typically at currents of the order of one or several A.
As examples of theoretical modeling of nonequilibrium effects in high-pressure arc discharges, studies [1] - [6] may be indicated. In [1] and [3] - [5] , a detailed two-dimensional study was performed of a deviation of the electron temperature from Manuscript received December 16, 1998; revised May 14, 1999 . This work was supported by FEDER and by the program PRAXIS XXI.
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the heavy-particle temperature [1] , [3] or of a deviation from the ionization equilibrium [4] , [5] . In [2] and [6] numerical calculations with account of deviations of both types are presented for fixed current values. In this work, results of numerical modeling of nonequilibrium effects are presented for a high pressure argon arc in a wide current range, with the aim to find out at which currents a transition from LTE to nonLTE conditions occurs and a deviation of what kind, the deviation of the electron temperature from the heavy-particle temperature or the deviation from the ionization equilibrium, is the first to appear.
II. THE MODEL

A. Governing Equations
Consider a cylindrical plasma column of a wall-stabilized high-pressure dc arc discharge in an atomic plasma. The arc current is supposed to be not too high so that the ionization degree of the plasma is much smaller than unity. Variation of parameters in the axial and azimuthal directions are neglected.
The charged particle distribution over the cross section of the column is governed by the equation of conservation, which describes the balance between the removal of the charged particles due to ambipolar diffusion and their net production in volume reactions (1) where is the distance from the axis, is the number density of electrons (which equals the ion density), is the number density of neutral atoms, is the diffusion coefficient of the ions in the gas of atoms, and are the electron and heavy-particle temperatures, and are the rate constants of the ionization of atoms by an electron impact and of the recombination with an electron as the third body. Pressure variation and thermal diffusion were neglected while writing this equation.
The electron energy equation reads (2) where and are the thermal conductivity and mobility of electrons, is the axial electric field in the column (a given parameter), is the ratio of the electron mobility to its approximate value calculated in the first approximation in expansion in Sonine polynomials in the method of Chapman-Enskog, is the mass of a heavy particle (the difference 0093-3813/99$10.00 © 1999 IEEE between masses of the ions and the neutral atoms is neglected). The term on the left-hand side of this equation accounts for energy removed by electron heat conduction, the terms on the right-hand side describe, respectively, heating by the axial electric field and energy losses in elastic collisions of electrons with heavy particles. The enthalphy transport by the electron current, the diffusional thermal effect, and heating by the radial electric field are effects of the order of as compared to the electron heat conduction (here is the ion mobility), therefore these effects were neglected. The energy transport due to diffusion of ions is an effect of the order of times the ratio of the ionization energy to the characteristic thermal energy, as compared to the electron heat conduction. Since this product is small, the energy transport due to diffusion of ions was neglected. The energy transport due to diffusion of excited states and due to radiation was neglected as well.
The heavy-particle energy equation describes the balance between the energy removal by heat conduction and the energy received by heavy particles from the electrons in elastic collisions (3) where is the thermal conductivity of heavy particles, which in the considered case of a low ionization degree is governed by the thermal conductivity of atoms. The energy acquired by the ions from the electric field is neglected in comparison to that received from the electrons.
B. Boundary Conditions
One boundary condition for each of (1)-(3) applies to the axis of the discharge and is obvious (zero derivative). Another boundary condition must be established for each equation. The lacking boundary condition for the quasi-neutral chargedparticle density should be established at the "edge" of the space-charge sheath, which is adjacent to the inner surface of the discharge tube. Assuming that this surface perfectly absorbs ions and electrons coming from the plasma, one can set the charged-particle density at the edge equal to zero.
The lacking boundary condition for the electron temperature distribution in the quasi-neutral region must be established also at the sheath edge. This condition may be obtained [7] by removing the logarithmic singularity that a general solution of (2) has at the sheath edge, where (which is proportional to ) vanishes. A condition obtained in this way reads . Note that this boundary condition was postulated in [1] and conforms to the measurements [8] of the electron temperature distribution in the near-wall region. Since the thickness of the space-charge sheath is much smaller than the inner radius of the tube, this boundary condition as well as the preceding one may be applied at . At the inner surface of the discharge tube, the heavyparticle temperature equals the temperature of this surface, which will be considered as given. Thus, the lacking boundary condition for the function applies at and reads (given).
C. Transport and Kinetic Coefficients for Argon
The diffusion coefficient of ions in the gas of atoms and the thermal conductivity of the heavy particles were calculated in the first approximation in expansion in Sonine polynomials in the method of Chapman-Enskog. The thermal conductivity and mobility of electrons were calculated by means of the mixture rules of Frost, Kruger, Mitchner, and Daybelge as described in [9] . The reaction rate constants have been calculated by means of [10] .
III. NUMERICAL PROCEDURE
The two-point nonlinear boundary-value problem stated in the previous section was solved by means of an iterative approach. Several variants of organization of calculations have been tried. In the first one, the problem was solved as it is, i.e., for a given value of the axial electric field . After a solution for a given has been found, the axial current of the discharge corresponding to this was calculated by means of integration of the current density over the cross section of the tube. Repeating this procedure for varying , one can obtain solutions for a wide range of the discharge currents.
Note, however, that the current-voltage characteristic is nonmonotonic, so the problem in question has for a given more than one solution. The iterations in the framework of the above-described approach converge to a solution on the growing branch of . In order to find solutions on the falling branch and in the vicinity of the point of minimum of , the problem must be reformulated: another control parameter should be introduced instead of in such a way that a solution be unique for a given value of this parameter. A straightforward possibility is to supplement the problem with the equation of the external circuit with a high enough resistance. It turned out, however, that a more effective algorithm can be obtained in another way. Equation (2) is transformed as follows: (4) where . Differentiating this equation with respect to , one arrives at the third-order equation which does not involve . This equation is used instead of (2). Being of the third order, this equation needs one more boundary condition, which is obtained by specifying the value of the electron temperature on the axis, . In the framework of this approach, the problem is solved for a given . After the solution has been found, and corresponding to this are calculated. This approach was used in most of the cases investigated. A good initial approximation which is necessary in this approach was obtained by means of moving over starting from a solution for high which was obtained with the use of the first approach.
IV. NUMERICAL RESULTS AND DISCUSSION
Calculations described in this contribution have been performed for an arc in argon of the pressure varying from 1 atm Fig. 1 . Distribution of the charged-particle density and of the electron and heavy-particle temperatures in a cross section of the column. R = 4 mm, p = 1 atm, and I = 100 A. Fig. 2 . Distribution of the charged-particle density and of the electron and heavy-particle temperatures in a cross section of the column. R = 4 mm, p = 1 atm, and I = 42:5 A.
to 3 atm in a tube of the radius varying from 2-4 mm with the temperature of the inner surface of the tube of 800K. In Figs. 1-3 , distributions of the charged-particle density and of the electron and heavy-particle temperatures in a cross section of an atmospheric-pressure arc for mm are shown for three different current values. The dashed lines represent the charged particle density obtained under the assumption of ionization equilibrium at local values of the electron and heavy-particle temperatures.
In the case A, the charged particle density is slightly below the equilibrium density in the central part of the arc (the difference, however, is very small and is barely visible on the graph) and exceeds the equilibrium density on the periphery. An obvious reason is the abmipolar-diffusion transport of the charged particles from the central part to the periphery. The heavy-particle temperature in the central part of the arc is very close to the electron temperature. On the periphery of the discharge, is appreciably lower than Fig. 3 . Distribution of the charged-particle density and of the electron and heavy-particle temperatures in a cross section of the column. R = 4 mm, p = 1 atm, and I = 2:8 A.
due to strong cooling of the heavy particles by heat conduction to the wall. Note that the distributions of and shown in Fig. 1 are similar to those calculated in [1] for a 200 A arc in a tube of the radius of 5 mm.
In the case A, the temperature in the center of the discharge is by about 3000K lower than that in the case A. This results in a strong increase of the ionization time , while the diffusion time does not change much. As a consequence, the deviation from the ionization equilibrium increases, however still being not very essential. The density of the charged particles in the considered case is by nearly an order of magnitude lower than that in the case A. The electron mobility is higher, which is due to less frequent electron-ion collisions. Both factors contribute to a decrease of the rate coefficient of energy exchange between the electrons and the heavy particles, which results in an expansion of the outer region of the arc in which thermal equilibrium between the electrons and the heavy particles is violated by heavy-particle heat conduction. Thermal equilibrium still holds in the central part.
In the case A, the plasma is far away from LTE throughout the arc. In contrast to the preceding cases, the charged particle density is below the equilibrium density not only in the central part, but throughout the arc. In other words, the ionization exceeds the recombination in every point of the column. It should be noted that the variation of the electron temperature across the arc is relatively small: the value on the axis exceeds that on the wall by only 28% (note that the respective variation in the case A exceeds 90%). The variation of the heavy-particle temperature remains quite substantial (about the factor of four).
In general, Figs. 1-3 illustrate a transition from a regime typical for an arc discharge (LTE in the hot core, deviations in the arc fringes) to the one which is typical rather for a glow discharge (the electron temperature is substantially higher than the heavy-particle temperature and does not change much across the column; the ionization exceeds or substantially exceeds the recombination everywhere in the column). The energy balance of the discharge, described by (2) and (3), may be understood as follows: part of the energy supplied by the electric field to the electrons in the core of the discharge is transported to the periphery by the electron heat conduction while the rest is locally transferred to heavy particles and is transported to the wall by the heavy-particle heat conduction. This is illustrated by Fig. 4 , which shows the ratio of the term on the left-hand side of (2), which accounts for the electron heat conduction, to the first term on the right-hand side, accounting for the heating by the axial electric field. As should have been expected, the term accounting for the electron heat conduction is positive in the central part of the discharge and turns negative on the periphery, which corresponds to, respectively, removal or supply of energy. In the case A, the role of the electron heat conduction is quite important: on the axis of the discharge, about 80% of the energy supplied by the field is removed by the electron thermal conduction and only about 20% is locally transferred to heavy particles; on the periphery, the energy supplied by the electron heat conduction exceeds substantially the local heating by the electric field.
With a decrease of the current, the effect of the electron heat conduction decreases due to a decrease of the variation of across the tube. In particular, the fraction of energy removed by the electron heat conduction on the axis of the discharge in the case A does not exceed 9%; the energy supplied by the electron heat conduction on the periphery does not exceed 50% of the energy supplied by the axial electric field. In other words, at low currents the energy supplied to electrons by the electric field is mainly locally transferred to heavy particles. This is typical for a glow discharge, while the above-discussed dominance of electron heat conduction which occurs at high currents is typical for an arc.
In Figs. 5 and 6, the charged-particle density and the electron and heavy-particle temperatures at the axis are shown as functions of the discharge current for two values of the tube radius. The dashed lines represent the charged-particle density calculated under the assumption of ionization equilibrium at and . When the current decreases, the first one Fig. 5 . The charged-particle density and the heavy-particle temperature at the axis of the tube, the electron temperature at the axis, and at the surface of the tube as functions of the discharge current. R = 4 mm, p = 1 atm. Fig. 6 . The charged-particle density and the heavy-particle temperature at the axis of the tube, the electron temperature at the axis and at the surface of the tube as functions of the discharge current. R = 2 mm, p = 1 atm.
to appear is the deviation from the ionization equilibrium: in the case mm, this deviation reaches 10% at A while the deviation of the electron temperature from the heavy-particle temperature reaches 10% at A; the similar current values for the case mm are 29 and 15 A. Note that the values of the electron temperature on the axis that correspond to the above-cited current values are, respectively, 10 600 and 9100K for mm and 11 850 and 9950 K for mm. Thus, the deviations from LTE in the case of a narrower tube appear at higher values of the electron temperature, which, of course, should have been expected.
The ionization degree of the plasma does not exceed, say, 20% if the current does not exceed approximately 68 A or 36 A (for the cases of equal to, respectively, 4 or 2 mm). Hence, the deviations from LTE occur under conditions of low ionization degree and the respective assumption adopted in this work is adequate. On the other hand, results presented for currents higher than those mentioned above serve for illustrative purposes only and should not be considered as exact; for example, the equilibrium charged-particle density at the temperature of 14.34 kK [which is the value of and of corresponding to A in Fig. 5 ] equals 1.6 10 m , which is appreciably smaller than the value of 2.7 10 m obtained under the assumption of weak ionization and plotted in Fig. 5 .
Also shown in Figs. 5 and 6 is the electron temperature at the surface of the tube. One can see that its dependence on the discharge current is rather weak. The variation of the electron temperature across the tube decreases rather fast with current decrease in the range of high currents and becomes virtually independent of the arc current at low currents. The variation of the electron temperature across the narrower tube is smaller than that across the wider tube.
The current-voltage characteristics of the discharge are depicted in Fig. 7 for several combinations of tube radius/plasma pressure. The characteristic is nonmonotonic in all the cases, although the negative slope of the line one at small currents is hardly visible on the graph. One can see that the lines two and four, which correspond to the same tube radius and different pressures, approximate each other at high currents. The reason may be understood as follows. The ratio of the average frequency of momentum transfer in collisions of an electron with atoms to the average frequency of momentum transfer in electron-electron collisions on the axis of the tube, which is also shown in Fig. 7 for the two variants in question, becomes much smaller than unity at high currents. Hence, thermal and electrical conductivities of electrons are determined at high currents primarily by the electron temperature, while a dependence on the atom density is absent and a dependence on the charged-particle density (which appears through the Coulomb logarithm) is rather weak. On the other hand, the second term on the right-hand side of the electron energy equation (2), which accounts for the energy removal by the heavyparticle heat conduction, becomes minor at high currents, as it was pointed out above in connection with the discussion of Fig. 4 . It follows that the electron energy equation at high currents is, to a first approximation, independent of the other equations. Since the coefficients of this equation and do not, to a first approximation, depend on the plasma pressure, the dependence of the current-voltage characteristic on the pressure is also weak. It should be emphasized that the above reasoning does not necessarily require that deviations from LTE be small: it applies in all the cases when collisions of charged particles with atoms are rare in comparison with collisions of charged particles between themselves and the dominating mechanism of the energy transport is the electron heat conduction.
Also shown in the figure are experimental data for mm taken from [11] for atm and from [12] for atm. In the case of the atmospheric-pressure plasma, the deviation between the theory and the experiment does not exceed 5% in the current range from 4 to 40 A and is somewhat larger at lower and higher currents. In the case atm the situation is similar, however the deviation at high currents is more pronounced.
According to the above reasoning, the fact that the experimental current-voltage characteristics reveal an appreciable dependence on the plasma pressure at high currents indicates that either electron-atom collisions are essential, or electron heat conduction is not the dominating mechanism of energy transport. Since the former is unlikely, the latter should be suspected. Experimental data [12] confirm that the latter is indeed the case: the fraction of the power radiated by an argon arc of 2.5 mm radius as compared to the total power input increases with an increase of current and at A reaches about 15% in the case of the atmospheric-pressure arc and about 40% in the case atm. This suggests that a possible reason for the growing deviation between the theory and the experiment at high currents is the energy transport by radiation, which is neglected in the theoretical model.
One can see from Fig. 7 that the somewhat enhanced deviation of the theory from the experiment at low currents occurs in the region in which the frequency of momentum transfer in electron-atom collisions becomes comparable to that in electron-electron collisions. The question arises of what is the accuracy in this region of the mixture rules of Frost, Kruger, Mitchner, and Daybelge [9] used in this work. One of other possible reasons of the above-mentioned deviation is an effect of convective heat transfer.
Measurements of electron temperature profiles in the nearwall region of the wall-stabilized atmospheric pressure argon arc of 5 mm radius for arc currents between 100 and 225 A are reported in [8] . The measured electron temperature at the wall is in the order of 9000K and weakly increases with an increase of the arc current. Although a quantitative comparison of results of the present work with measurements in this current range would be unjustified, it is of interest to note that the fact that dependence of the measured electron temperature at the wall on the arc current is weak conforms to the respective conclusion drawn above in connection with discussion of Figs. 5 and 6.
V. CONCLUDING REMARKS
Results of numerical modeling of nonequilibrium effects in a wall-stabilized dc arc discharge in the high pressure argon plasma presented above describe a transition from regimes typical for an arc discharge (LTE in the hot core, the energy supplied to electrons by the electric field is mainly removed by the electron heat conduction) to those typical rather for a glow discharge ( substantially exceeds and does not change much across the column, the ionization exceeds or substantially exceeds the recombination everywhere in the column, the energy supplied to electrons by the electric field is mainly locally transferred to heavy particles). The calculated current-voltage characteristics agree quite reasonably with the experimental data on cascaded arcs [11] , [12] . On the other hand, the obtained results predict that deviations from LTE become appreciable on the axis of the discharge when the current decreases to several tens A and thus fail to describe the deviations of the electron temperature from the heavyparticle temperature of 4000-7000 K on the axis of an argon arc of atmospheric pressure with a dc of 100 A at 2 mm from the cathode reported in [13] and [14] . Since the arc in the experiments [13] , [14] was free-burning rather than wallstabilized, it is of interest to consider briefly a question of whether this failure may be attributed to factors disregarded in this work such as axial gradients or convective transport.
If the ionization degree of a plasma is not too low and the energy transport by the electron heat conduction and by the electron current dominates over the energy transport by the heavy-particle heat conduction and by the heavy-particle fluxes, then the energy exchange term is unessential in the electron energy equation. However, this term may be important in the heavy-particle energy equation. One can say that the electron temperature is decoupled from the heavy-particle temperature and the question of whether the thermal equilibrium holds amounts to whether the heavy-particle temperature follows the electron temperature (and not vice versa). In other words, a process perturbing thermal equilibrium is transport of the heavy-particle energy by the heat conduction, convection, and diffusion fluxes.
Relative deviations of the heavy-particle temperature from the electron temperature due to dissipative processes (such as the heat conduction and diffusion) and due to the convective transport may be estimated by the order of magnitude as, respectively, (5) where , , and designate respective mean free paths, is the local length scale of variation of the heavy-particle temperature, is the electronic mass, and is the Mach number of the plasma flow. Assuming that in the experimental conditions [13] , [14] and , , , , and are of the order of, respectively, m, m, m, mm, and 0.1, one finds that the quantities (5) are of the order of 10 -10 and 10 , respectively. Thus, a reason for the deviation from thermal equilibrium reported in [13] and [14] is not quite clear and requires further elaboration, experimental and theoretical.
